This study explores the selection of high affinity RNA ligands for the complex cellular targets present in crude HeLa nuclear extract through directed evolution and deconvolution. RNA ligands for the mixed nuclear targets were selected from around 6 ؋ 10 14 RNA sequences through an iterated enrichment process. RNA ligands for various gene products of the extract were simultaneously selected and were shown to specifically interact with their target molecules. The target molecules were isolated from the nuclear extract by affinity chromatography using columns tagged with the RNA ligands, resolved on twodimensional gels, and identified by mass spectrometry. These RNA ligands may be useful in characterizing novel functions of cellular proteins and modulating complex molecular events.
Native ligand molecules of cells, such as thyroid hormone and steroids, have been used to establish the identity and function of their nuclear receptors (1) . These ligand-receptor complexes specifically interact with the transcription apparatus to regulate the expression of target genes (1, 2) . However, this approach applies only to a small number of cellular targets, because a majority of cellular proteins do not have high affinity or stable native ligands. Recently it has been established that single-stranded nucleic acid molecules with short randomized sequences can provide enormous sequence diversity and folding moieties with affinity for various cellular proteins and other molecules (3) (4) (5) . Through an iterated enrichment process (SELEX (systematic evolution of ligands by exponential enrichment)), particular ligand molecules can be selected based on their affinity for targets or other activities. Many of these ligands act as antagonists of their cellular targets (5) (6) (7) (8) .
In selecting RNA ligands for various targets, purified proteins are commonly used in a mixture of simple components. Although there have been attempts to select RNA ligands for complex proteins, RNA pools tend to be quickly reduced to bind only one or a few predominant proteins after the initial rounds of selection (reviewed in Ref. 9 ). This present study reports that high affinity RNA ligands for numerous targets present in a crude cellular extract have been simultaneously selected and that specific cellular targets have been identified using the RNA ligands.
MATERIALS AND METHODS
DNA Templates, RNA Library, and HeLa Nuclear Extract-The initial pool of DNA templates for RNA molecules was constructed by annealing two chemically synthesized overlapping DNA oligos, template oligo containing a section of 40 random nt 1 and constant flanking sequences on either side (5Ј-GAGGAAGAGGGATGGGN 40 CATA-ACCCAGAGGTCGAT-3Ј) and complementary 5Ј-DNA oligo (5ЈPR, 5ЈGGGGGAATTCTAATACGACTCACTATAGGGAGAGAGGAAGAG-GGATGGG3Ј), which were converted into dsDNA by DNA polymerase I (Promega). In later rounds, the DNA templates were regenerated from RNA molecules by reverse transcriptase (Roche Molecular Biochemicals) and PCR with primers 5ЈPR and 3ЈPR (5Ј-GGGGGGATC-CAGTACTATCGACCTCTGGGTTATG-3Ј). For reverse transcriptase PCR, the first DNA strand was synthesized from the selected RNA molecules and 3ЈPR using a reverse transcription kit (Roche Molecular Biochemicals), followed by PCR with both 3ЈPR and 5ЈPR using a PCR kit (Invitrogen). In separate experiments, the RNA 43 mutants (RNA 43A and RNA 43B) were generated from dsDNA templates obtained through PCR with primers 5ЈPR and 3ЈPR and synthetic DNA oligos (43A, 5Ј-GAGGAAGAGGGATGGGCCAATAAACATCAGT-ACATCACATAACCCAGAGGTCGAT-3Ј and 43B, 5Ј-GAGGAAGAGG-GATGGGACTAAAGGTAAGTATAACATAACCCAGAGGTCGAT-3Ј, respectively). The RNA molecules were synthesized by T7 RNA polymerase (Roche Molecular Biochemicals) in vitro and purified on a 10% polyacrylamide/7 M urea gel after the DNA templates were removed by DNase I digestion (Promega). HeLa nuclear extract was prepared as described previously (10) .
Selection Scheme, Gel Mobility Shift Assay, Cloning, and Autoradiography-In the first round, HeLa nuclear extract (200 g), RNA (10 nmol, transcribed from dsDNA templates of around 6 ϫ 10 14 different sequences), and tRNA (1 mg) were combined in a volume of 1 ml in incubation buffer (20 mM HEPES, pH 7.9, 100 mM KCl, 0.2 mM EDTA, 0.5 mM dithiothreitol, 20% glycerol). In later rounds, nuclear proteins (20 -25 g), RNA (ϳ1 nmol), and tRNA (20 g) were incubated in a volume of 100 l. RNA molecules were selected through a combination of RNase protection assay using the endogenous RNase activities present in the nuclear extract to eliminate the unbound RNA (rounds 1-8) and gel mobility shift assay to isolate the RNA associ-ated with other molecules present in the extract (rounds 9 -14) . For the gel mobility shift assay, the mixture of 32 P-labeled RNA, HeLa nuclear proteins (25 g), and tRNA (20 g) in a volume of 100 l was incubated at 37°C for a variable time and loaded on a 5% nondenaturing polyacrylamide gel (acrylamide:bisacrylamide, 80:1). Radiolabeled RNA in mobility shift complexes was excised and eluted from gel by shaking in sodium acetate (0.3 M), extracted by phenol, precipitated by ethanol, and converted into dsDNA template through reverse transcriptase PCR for the next round of selection. For cloning, the dsDNA templates from the fourteenth round were ligated into pUC19 vector (New England Biolabs) through EcoRI and BamHI restriction sites, which were used to transform DH5␣ Escherichia coli competent cells (Invitrogen). For imaging, gels were dried, and autoradiographs were scanned with a Storm 840 PhosphorImager (Molecular Dynamics).
RNA-based Affinity Chromatography, 2D Gel Electrophoresis, and Western Blot-Equal amounts of HeLa nuclear proteins were loaded onto columns containing streptavidin-agarose beads (Amersham Biosciences, Inc.) without or tagged with RNA ligands. The ligands were attached to the beads through annealing to a biotinylated 2Ј-Omethyl-RNA oligonucleotide (5Ј-biotin-AGUACUAUCGACCUCUGG-GUUAUG-3Ј) that is complementary to a part of the 3Ј-constant sequence of the RNA ligands. After washing, the bound proteins were eluted with a DNA oligonucleotide (3ЈPR) complementary to the entire 3Ј-constant sequence of the RNA ligands. For Western blot analysis, the eluted protein samples were boiled in 1ϫ SDS loading buffer (50 mM Tris-Cl, 100 mM dithiothreitol, 2% SDS, 0.1% bromphenol blue, 10% glycerol) before being resolved on a 10% polyacrylamide/SDS gel and electrically transferred onto a nitrocellulose membrane (Schleicher & Schuell). The membrane was then immunoblotted with an anti-U1 70k subunit monoclonal antibody (N-20; Santa Cruz Biotechnology) after being incubated with 5% blocking reagent for Western blot analysis by ECL (Amersham Biosciences, Inc.). For 2D gel electrophoresis, the eluted proteins were concentrated to a final volume of 50 l using microspin columns (Millipore). Isoelectric focusing was carried out in pH 3.5-10 gradient ampholine tube gels, which were placed on 10% polyacrylamide/SDS gels during the second dimension electrophoresis. The gels were then stained with silver (11) and dried between sheets of cellophane. Unique and highly enriched proteins were found by comparing 2D gels of the protein samples isolated with different RNA ligands and were identified by matrix-assisted laser desorption/ionization mass spectrometry (Protein Chemistry Core Facility at Columbia University).
RESULTS

Simultaneous Enrichment of RNA Ligands for Complex Nu-
clear Targets-The current strategy of selection for RNA ligands has been mostly limited to purified targets, in which the binding affinity of RNA ligands for target molecules can be easily monitored with simple assays and the selection "pressure" can be easily regulated by changing conditions for binding. For complex targets such as the HeLa nuclear extract the presence of genomic DNA, cellular RNA, and certain abundant nucleic acid-binding proteins (such as histones) may complicate selection. Therefore, the binding conditions cannot be easily adjusted for one or a few particular targets while driving the gross selection for a maximum number of targets. In the early experiments, the unbound RNA molecules were found to be rapidly degraded in the HeLa nuclear extract whereas the bound RNA molecules were found to remain intact (data not shown). In the first eight rounds of selection, the RNase protection assay was employed to eliminate the free RNA molecules and to enrich the bound ones. For each round, RNA/protein binding was assayed by gel mobility shift assay in a wide range of nuclear protein concentrations and with a variable time of incubation in the presence of noncompetitor RNA (tRNA). The integrity of RNA ligands was detected by denaturing gel electrophoresis. Particular protein concentrations and the time of incubation were chosen at which 80 -90% of the input RNA molecules were largely degraded whereas the remaining 10 -20% of the input RNA molecules were bound and intact. In the first round, a total of 200 g of HeLa nuclear extract and 10 nmol of RNA were combined in a volume of 1 ml. In later rounds, 20 -25 g of nuclear proteins and roughly 1 nmol of RNA were used in a volume of 100 l. However, as selection progressed the RNA pool became more and more resistant to degradation, which required higher protein concentration or longer incubation time to reduce the input RNA. From the ninth to fourteenth FIG. 1. Gel mobility shift assay of pool 1 and pool 14 RNA. The 32 P-labeled pool 1 and pool 14 RNA were incubated with increasing amounts of HeLa nuclear extract (NE) proteins (0 -5 g) and tRNA (10 g) in a total volume of 20 l at 30°C for 30 min. The samples were then resolved on a 5% non-denaturing polyacrylamide gel. The RNA molecules present in mobility shift complexes (marked on the right) were excised and eluted for reverse transcriptase PCR in rounds 9 -14. rounds, gel mobility shift assay was used to more efficiently isolate the bound RNA molecules from each pool. As shown in Fig. 1 , the selection had enriched RNA ligands to numerous targets, as evidenced by the increase of the RNA species present in the mobility shift complexes in round 14 compared with the counterparts of the starting pool.
Specific Interaction of RNA Ligands and Nuclear ProteinsAmong 60 RNA ligands isolated from pool 14, no identical 40-nt sequences in the randomized region were found (Fig. 2) . However, four (RNAs 9, 13, 15, and 43) contain an 11-nt consensus sequence at variable positions, which is identical to the 5Ј-splice site of eukaryotic pre-mRNAs (12) . To characterize individual RNA ligands and their specific cellular targets, purified RNA molecules were used either to detect the effect on nuclear functions (e.g. transcription and RNA splicing) or to directly analyze for RNA-protein interactions by various biochemistry methods. To determine whether the RNA ligands interact with similar or different gene products, gel mobility shift and UV cross-linking assays were performed using 32 P-labeled RNA ligands as probes. Among a number of RNA ligands, RNAs 5 and 43 had displayed distinct RNAprotein interactions (data not shown). To identify the molecules that specifically interact with the RNA ligands, protein samples eluted from RNA 43-and RNA 5-tagged affinity columns were resolved on 2D gels, and unique protein spots shown by superimposing the two gel images were isolated for identification by mass spectrometry. As shown in Fig. 3A , each of the 2D gels showed unique proteins specifically isolated by RNA 43 (e.g. a, multiple isoforms of the same protein of 66 kDa) and by RNA 5 ligands (b, proteins of 96 kDa). Through mass spectrometry, one of the unique proteins isolated by RNA 43 was identified as hnRNP L. hnRNP L has been shown to specifically recognize sequence at the 3Ј-UTR of several mRNAs, including the glucose transporter 1 and human vascular endothelial growth factor (hVEGF) mRNA (14, 15) . Within the random sequence region, RNA 43 contains a sequence highly homologous (62%) to the hnRNP L binding motif found in hVEGF mRNA (Fig. 3B) . Therefore, it appears that hnRNP L has been isolated through direct interaction with RNA 43. In addition, this study also shows that certain isoforms of hnRNP L more specifically interact with the motif of RNA 43 (Fig. 3A) .
Adjacent to the hnRNP L binding motif, RNA 43 also contains an 11-nt sequence resembling the 5Ј-splice site of eukaryotic pre-mRNAs (see Fig. 2 and Fig. 3B ), which is complementary to the 5Ј-end of U1 RNA except its cap structure (5Ј-m3 G ppp A m U m AC⌿⌿ACCU-3Ј; ⌿ ϭ pseudouridine, m ϭ methyl group, m3 G ϭ trimethyl guanosine cap) (13) . To determine whether U1 snRNP had been specifically isolated by RNA 43, the eluted proteins from the RNA affinity columns were analyzed by Western blot with an antibody specific for the 70k subunit of U1 snRNP. The U1 70k was detected only in proteins (samples) eluted from RNA 43 and a mutant (RNA 43B) that contains the 5Ј-splice site, and a lower amount of U1 70k was detected in the sample from another mutant (RNA 43A) that contains the hnRNP L binding motif but lacks the 5Ј-splice site, while U1 70k was non-detectable in the sample from RNA 5 or beads alone (Fig. 3C ). This indicates that the selected RNA ligands have isolated cellular RNA-protein complexes (U1 snRNP) through RNA-RNA interactions and that a portion of the cellular U1 snRNP pool is associated with hnRNP L either through direct interaction or through other factors. It has been found that U1 snRNP associates with partially purified hnRNPs through protein-protein interactions in the absence of splice sites (16) . In recent years, increasing number of studies have shown that RNA splicing factors and members of the hnRNP family interact with each other and with the transcription machinery of RNA polymerase II (pol II) in the coordinated events of transcription and RNA processing (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . The results of this study also suggest the complex interplay of these events.
DISCUSSION
In general, the functions of cellular proteins have been studied by mutagenesis using genetic screen in vivo or fractionation and complementation of cellular extracts in vitro. However, the in vivo mutagenesis approach is often hampered by more frequent mutations at particular "hot spots" or by the lack of feasible screening methods for certain phenotypes. The cellular fractionation approach is often obscured by impurity or low abundance of proteins of interest and is usually limited to the study of one or a few factors because of the difficulty of isolating complex activities in a small number of fractions from crude cellular extracts. More recently, RNA ligands with an affinity for various molecules even without putative nucleic acid binding sites have been selected from large pools of diverse RNA sequences (3, 4) . Herein, this study shows that RNA ligands can be simultaneously selected against various targets present in crude cellular extracts and used to identify factors specifically recognized by the ligands and that these ligands may prove useful in identifying novel functions of cellular proteins.
For a complex mixture of molecules such as the HeLa nuclear extract, numerous molecules are potential RNA binding targets, including the genomic DNA and cellular RNA. The RNase protection assay used in the selection of this study may have largely eliminated those RNA molecules that bind to the genomic DNA and to other cellular RNA molecules because of the presence of intensive RNase activities in the extract. The experimental procedures used in this study preserved the native conformation of various gene products throughout selection unlike other methods such as binding on nitrocellulose filters or other solid support. This method may have general use in selecting RNA ligands for various targets under complex cellular environments. Although RNA ligands have been commonly selected for purified proteins, the ligands are often not applicable to cellular conditions or useful for analyzing complex molecular interactions. This present study has established that RNA ligands selected for complex protein targets can be used to purify and identify their target molecules from crude cellular extracts. This approach offers certain advantages over other methods. First, the RNA ligandbased affinity chromatography eliminates the need for the fusion of cellular proteins with other sequence tags such as glutathione S-transferase and histidines, which may cause the misfolding of proteins. Second, antibodies raised against cellular proteins may not be useful for immunoaffinity purification because of the inaccessibility of epitopes under cellular environments (27) or denaturation of proteins by harsh elution reagents. In comparison, RNA ligands can be selected for domains on or near the surface of protein complexes in native conformation and can directly bind to protein targets in cellular extracts. Third, current chromatography methods can only fractionate single components from relatively large amounts of cellular samples and have not allowed the simultaneous characterization of numerous factors involved in complex molecular events such as the initiation of pol II transcription and splicing of eukaryotic pre-mRNAs. This present study shows that RNA ligands for numerous cellular targets may be obtained in the same selection and used to isolate specific cellular targets.
In recent years, numerous studies have shown that RNA processing factors, members of the hnRNP family, and transcription apparatus form a complex network in the coordinated events of transcription and RNA processing. It has been found that hnRNPs directly interact with basal and cell-specific transcription factors and that RNA splicing factors associate with pol II in the absence of transcription (17) (18) (19) (20) (21) . It has also been shown that hnRNPs either bind to pre-mRNA or   FIG. 3 . A, two-dimensional gel electrophoresis of the proteins isolated through affinity chromatography using columns of agarose beads tagged with RNAs 5 or 43. Equal amounts of HeLa nuclear proteins were loaded onto columns containing streptavidin-agarose beads tagged with RNAs 5 or 43. The ligands were affixed to the beads by annealing them to a biotinylated 2Ј-O-methyl-RNA oligonucleotide (5Ј-biotin-AGUACUAUCGACCUCUGGGUUAUG-3Ј) that is complementary to the 3Ј-constant sequence of the ligands. The bound proteins were eluted with a DNA oligonucleotide (5Ј-GGGGG-GATCCAGTACTATCGACCTCTGGGTTATG-3Ј) complementary to the entire 3Ј-constant sequence of the RNA ligands. Isoelectric focusing was carried out in pH 3.5-10 gradient ampholine tube gels (left to right), which were placed on a 10% polyacrylamide/SDS gel during the second dimension electrophoresis. The gels were then stained with silver and dried between sheets of cellophane. Unique and highly enriched proteins were identified by comparing the 2D gel images. Only the equivalent parts of the gels containing specifically isolated proteins are shown. a, isomers of hnRNP L. b, proteins specifically isolated by RNA 5. Protein molecular mass (MM) markers are on the right. B, sequence homology between RNA 43 and hnRNP L binding motifs found in the hVEGF 3Ј-UTR mRNA. For RNA 43, motif 1 is identical to the eukaryotic 5Ј-splice site, and motif 2 is 62% homologous to the hnRNP L binding sequence found in the 3Ј-UTR of hVEGF mRNA. C, Western blot analysis of the affinity-purified nuclear proteins with anti-U1 70k. As described for A, equal amounts of HeLa nuclear proteins were used for affinity chromatography with columns containing streptavidin-agarose beads without RNA ligands (Beads) or tagged with RNAs 5 and 43 or the RNA 43 mutants (RNA 43A and RNA 43B), which lack either the 5Ј-splice site (underlined) or the hnRNP L binding motif (bold). Only sequences in the random region are shown (bottom) whereas the flanking sequences are the same in all RNA ligands. Western blot analysis was conducted using a monoclonal antibody specific for U1 70k. directly interact with snRNPs (16, 25) to affect splice site selection during RNA splicing (see Ref. 26; reviewed in Ref. 12) . Some RNA ligands selected in this study (e.g. RNA 43) are recognized by members of the hnRNP family, such as hnRNP L, which has been shown to bind pre-mRNA (28) . The close positioning of the binding sites for U1 snRNP and hnRNP L found within the same RNA ligand (RNA 43) also suggests that U1 snRNP and hnRNP L may be functionally linked. Affinity chromatography using the selected ligands, as well as the mutated RNA sequences lacking either the 5Ј-splice site (RNA 43A) or the hnRNP L binding motif (RNA 43B), confirms that a portion of the U1 snRNP pool is indeed associated with hnRNP L in HeLa nuclear extract (Fig. 3C) . The selected RNA ligands are now being screened for an effect on RNA splicing and pol II transcription, as well as other activities. The RNA ligands are directly added to the function assays in vitro or integrated into other RNA substrates (e.g. see Ref. 29) or expressed in cells via plasmids. The effective ligands will be used for affinity chromatography to characterize their specific cellular targets. As a result, novel functions of the target molecules may be discovered.
